We have studied the near-infrared photoluminescence properties of free-standing germanium nano-crystals (20 nm on average) and micro-crystals (60 μm on average) at 80-300 K. Two peaks were observed at ∼1.0 and ∼1.4 eV from both the nano-and micro-crystals. The integrated PL (I PL ) intensity of the nano-crystals is about an order of magnitude stronger than that of the micro-crystals and the I PL is also enhanced by ageing in air for both crystals. The ∼1.0 eV peak position does not change with either the crystal size or temperature. We suggest that the deep traps located at the interfacial region between the surface GeO 2 layer and the bulk crystal Ge is responsible for the near-infrared PL.
(Some figures in this article are in colour only in the electronic version)
Semiconductor nano-crystals are of great importance because of the possible electronic device applications and the quantum confinement effects (QCE), such as quantum lasers, singleelectron transistors, etc. [1] . Silicon (Si) and germanium (Ge) are extensively studied semiconductors. A great deal of interest has been generated in Si and Ge nano-crystals due to their possible integration with traditional Si optoelectronics [2] [3] [4] [5] [6] [7] [8] [9] .
Ge is a semiconductor material with an indirect bandgap in the near-infrared. Over the past few years, a considerable amount of research has been devoted to the optical properties of Ge nano-crystals due to their potential applications in novel optical devices [10, 11] . Visible photoluminescence (PL) at 2.2 and 3.0 eV [2] [3] [4] [5] [6] and near-infrared PL at 1.38-1.55 eV [7, 8, 12] have been observed in Ge nanostructures. However, most of these studies were focused on Ge nanocrystals embedded in matrices, such as SiO 2 and GeO 2 , and/or multi-layers [4] [5] [6] [7] [8] [9] 12] . Therefore the sample is difficult to produce in large quantities and is often not enough to be fully characterized and almost impossible to be processed into 1 Authors to whom any correspondence should be addressed. 2 practical devices. In this paper, we report a systematic study on temperature dependence of the near-infrared (0.7-1.6 eV) PL properties of free-standing Ge nano-crystals with an average diameter of 20 nm [13] . We also comparatively studied the near-infrared (0.7-1.6 eV) PL properties of commercial Ge crystals (60 μm on average). The experimental results indicate that the integrated PL intensity (I PL ) of free-standing Ge nanocrystals is about an order of magnitude stronger than that of Ge micro-crystals.
Two types of Ge crystals were used to investigate their near-infrared PL properties. One was Ge nano-crystals prepared via a low-temperature inverse micelle solvothermal route [13] , the other was commercial Ge micro-crystals (99.999%, 60 μm on average, Aldrich). To study the oxidation effects, both freshly prepared Ge nano-crystals and as-purchased commercial Ge micro-crystals were aged in air for several months. The PL was excited using 632 nm laser lines. The luminescence signal was dispersed by a grating monochromator and then collected by a liquid-nitrogen-cooled Ge detector. The lock-in technique was used with a light chopper at a frequency of 17 Hz. The spectral sensitivity of the system was calibrated using a tungsten standard lamp. The PL spectrum was first measured at room temperature by holding 
(311) (400) Figure 1 . XRD patterns from samples of the freshly prepared Ge nano-crystals (#1), sample #1 aged for 5 months in air (#2), the as-purchased commercial Ge micro-crystals (#3), and sample #3 aged for 5 months in air (#4).
the sample in a glass cell, and then the sample was prepared by molding at room temperature using a pressure of 10 kb and carefully transferred into an optical cryostat for temperaturedependence measurements. The density of the compacted nano-and micro-crystals is similar in the range of 4-5 g cm −3 . Figure 1 shows the powder x-ray diffraction (XRD) patterns of the four samples: sample #1 (freshly prepared 20 nm Ge nano-crystals), sample #2 (sample #1 aged in air for 5 months), sample #3 (as-purchased 60 μm Ge micro-crystals), and sample #4 (sample #3 aged in air for 5 months). For sample #1, all the peaks are indexed to cubic Ge without any indication of GeO 2 . Sample #2 shows strong hexagonal GeO 2 patterns marked by the crosses, indicating that the Ge nano-crystals were seriously oxidized. For samples #3 and #4, the peaks from GeO 2 are very weak, indicating that the as-purchased commercial Ge micro-crystals were slightly oxidized in spite of storing in N 2 gas. After ageing in air for 5 months, there is no observable GeO 2 peak intensity change. For the aspurchased Ge micro-crystals, on one hand, oxidation in air is very slow after the initial quick oxidation before they were sealed in the N 2 gas. On the other hand, the amount of GeO 2 oxides is very small due to the small surface area of the large size (about 0.01 m 2 g −1 for 60 μm particles). However, for Ge nano-crystals of 20 nm on average, the surface area is huge (about 30 m 2 g −1 ). For such high surface area, even for an oxidation layer of 2 nm, the relative volume of GeO 2 versus Ge is significant. This is why there is such a large difference between the XRD patterns of samples #1 and #2, whereas there is no noticeable difference between those of samples #3 and #4.
The PL spectra of the samples were studied in the photon energy range of 0.7-1.6 eV and temperature range of 80-300 K. Figure 2 shows the PL spectra of the samples measured at 80 K. Two peaks at ∼1.0 and ∼1.4 eV for all four samples are observed. The ∼1.4 eV peak is broad and contains two components, whereas the ∼1.0 eV peak is relatively sharp. It is clearly shown in figure 2 that:
(1) the ∼1.0 eV peak intensity of the Ge nano-crystals (sample #1) is 8-9.6 times stronger than that of the Ge micro-crystals (#3 and #4) due to the huge surface area of the nano-size leading to a significant amount of GeO 2 in the Ge nano-crystals, and (2) the PL intensity increases a factor of 2.5-3 after ageing in air for both the nano-and micro-crystals, which indicates that oxidation happens to both the nano-and microcrystals during ageing.
In order to understand the origination of the 1.0 eV PL peak, we carried out the temperature-dependent PL studies. Generally, when the sample temperature increases, the PL intensity decreases and the lineshape also changes. Figure 3 shows the PL spectra at 300 K for all the four samples. One can see that the PL peak at ∼1.4 eV is more pronounced than the peak at 1.0 eV because the temperature dependence of the ∼1.4 eV peak is weak for both the nanoand micro-crystals. The ∼1.0 eV peak is not obvious for the micro-crystals (#3 and #4), which indicates that the 1.0 eV peak may come from the band edge due to the size effect in nano-crystals. This may be the reason that the ∼1.0 eV peak has never been observed before in Ge micro-crystals or singlecrystal Ge. However, the ∼1.0 eV PL peak from nano-crystals is clearly shown even at room temperature.
To further compare the PL properties of the Ge nanoand micro-crystals, we have integrated the PL intensity of the ∼1.0 eV peak (I PL (1.0)) over the whole temperature range. Figure 4 shows an Arrhennius plot of I PL (1.0) as a function of temperature. We can clearly see that I PL (1.0) of the Ge nanocrystals is about an order of magnitude stronger than that of the Ge micro-crystals over the whole temperature range due to the huge surface area difference of 30 versus 0.01 m 2 g −1 in nanoand micro-crystals respectively, and we also find that I PL (1.0) of all samples becomes stronger after ageing in air due to the thickening of the GeO 2 layer. Figure 4 indicates that all curves show the same two regimes of temperature: Before discussing the reasons that induce the enhancement of PL in the Ge nano-crystals, it is helpful to give a reasonable exploration for the origin of the ∼1.0 eV PL peak. Based on our above experimental results, we think that (a) it is not due to QCE, because the same peak is observed in both the nano-and micro-crystals, and (b) it is not originated from intrinsic transitions but from defect centres, because when temperature increases the peak position does not change following the Varshni law [14] .
From the intensity dependence of size and oxidation, we believe that the PL is related to surface oxidation (nano-crystals have much more GeO 2 after ageing than the micro-crystals due to the huge surface area in nano-crystals). It was reported that the freshly prepared Ge nano-crystals always have a thin natural oxide layer [15] , which means that our freshly prepared Ge nano-crystals may have a very thin natural oxide layer although it was not detected by XRD measurement. The energy gap of the Ge n O m system can be as large as 1.8-2.9 eV [16] . Oxygen-deficient centres (ODC) [12, 17] can be formed at the interfacial region between the surface GeO 2 layer and the bulk crystal due to strain field [18] . ODCs commonly act as deep traps, hence the ∼1.0 eV photon emission can be explained by radiative recombination of trapped holes (electrons) on the ODC with the free electron (hole) in the crystal. The luminescence efficiency η PL can be written as
where η rd is the radiative recombination efficiency not depending on temperature and η nr (T ) is non-radiative recombination efficiency depending on temperature in a thermal active manner. At low temperatures, the radiative recombination dominates. The small activation energy of 2-3 meV could be related to the bounding energy of excitons. As temperature increases, η rd η nr results in PL intensity thermal quenching with an activation energy of ∼0.15 eV that is the barrier height of the non-radiative recombination centre either in Ge crystal or at the interfacial area. The transition temperature of 180-200 K can be understood as that the carriers' transport is hopping from site to site when T < 180 K, so there is not much chance for them to be captured by the nonradiative centre; when temperature is increased to T > 200 K, the carriers are thermally emitted to the band edge and then are easily captured by the non-radiative recombination centres. It is necessary to understand the enhanced PL properties of the Ge nano-crystals for possible further enhancement. It is known that the surface and/or interface states of the crystals have a great effect on their PL properties. In nano-crystals, they have much larger surface/interface areas compared to the micro-crystals (30 versus 0.01 m 2 g −1 ). These surface/interface states can act as either radiative or nonradiative recombination centres, consequently leading to a significant enhancement of PL intensity. ODCs also can act as deep traps. When the ODCs luminescence centres [12, 17] formed at the much larger interfacial region between the GeO 2 surface layer and the bulk nano-crystals, the PL also increases. Furthermore, with increasing thickness of GeO 2 by ageing in air, more ODCs are generated due to the increasing strain field [18] at the interfacial region, thus leading to enhanced PL intensity in both the nano-and micro-crystals. Therefore, one can expect further PL enhancement if the crystal size is further decreased, the oxidation condition is optimized and/or the nonradiative defect density is decreased.
In conclusion, we found enhancement of the ∼1.0 eV PL from Ge nano-crystals that was prepared in large quantities. The PL intensity is about an order of magnitude stronger from the Ge nano-crystals than that from the micro-crystals. The PL is also enhanced by oxidation. The deep traps located at the interfacial region between the GeO 2 surface layer and the crystalline Ge could be responsible for the ∼1.0 eV PL peak.
